inside the chamber changes rapidly after closure, so that long-term measurements are not possible. Nonetheless, when portability and rapid measurement are important, the advantages of simplicity can outweigh this disadvantage. McDermitt et al. (1989) determined photosynthesis-intercellular CO 2 (A/C i ) curves with a closed single-leaf photosynthesis system (LI-COR model 6200; LI-COR, Lincoln, Neb.) that were nearly identical to those determined with a steady-state system, when corrections were made for gas leakage in the closed system. Closed systems have been used for rapid canopy measurements in the field by quickly lowering a transparent chamber over a canopy and making measurements within a few minutes (Garrity et al., 1984; Meyer et al., 1987) . Reicosky (1990) reviewed this approach and discussed its advantages and limitations.
An important disadvantage of closed systems is that perfect closure is impossible, and leaks cause measurement errors because gas leakage brings in an unknown amount of CO 2 . This influx of CO 2 can be insignificant when the total CO 2 flux is large (high light, large plants or leaves), but it often is important to accurately measure the small CO 2 fluxes associated with dark respiration, low light, low CO 2 , or small plants. The best approach is to measure and then mathematically correct for leakage. Carbon exchange from leaks, however, varies with chamber tightness, the internal/external CO 2 concentration gradient, and the air pressure gradient. The CO 2 concentration inside buildings is notoriously erratic because of human activity, and seemingly small changes in air movement and temperature (PV = nRT) inside and outside the chamber can change the pressure gradient significantly. Two recent papers introduce calibration techniques to minimize the errors associated with leaks Kimball, 1990) .
Semiclosed systems
Semiclosed systems measure and replace the CO 2 removed by photosynthesis. If temperature and humidity are controlled in the chamber, a near steady-state environment can be maintained Field et al., 1989; Mitchell, 1992; Wheeler, 1992) . Water vapor typically is removed by condensation on a cooling coil, and the increase in O 2 concentration from photosynthesis is insignificant unless the chamber is very well sealed. For example, an O 2 concentration of 21.9% inside the chamber is 10,000 µmol·mol -1 higher than outside. This large concentration gradient normally drives the O 2 out of the chamber by leakage and diffusion.
Semiclosed systems still do not solve the problem of leakage, and plant growth can be affected by gasses released from construction materials (Knight, 1992) . In addition, some studies require the simultaneous, real-time measurement of transpiration via water vapor efflux and photosynthesis via CO 2 influx. Condensation must be completely prevented to measure water vapor fluxes. The only way to prevent condensation is to remove water vapor from the chamber before it condenses. This requires a large air flow through the chamber, and this approach is called an open system. Large air flows cause other problems, so it is useful to examine the need for measurement of water fluxes before building a system to prevent condensation.
(It is possible to get average transpiration measurements from the volume of condensate, but condensation rate depends on the cooling cycles of the temperature-control system, so the integration interval can be 1 h or longer).
Water-use efficiency (the amount of water lost per CO 2 assimilated) can be measured over short intervals (< 1 min) only by simultaneously measuring both gasses. In addition to determining the C gain/water loss compromise, water vapor must be measured to determine the concentration of CO 2 inside the leaf (intercellular CO 2 or C i ). This knowledge can then be used to separate biochemical processes from those related to stomatal limitations to photosynthesis. It is nearly impossible to determine stomatal regulation of the exchange of these two gasses unless both gasses are measured simultaneously. Simultaneous measurement of CO 2 and H 2 O in single-leaf studies is so valuable that the two gasses are virtually always measured together, and stomatal regulation is the focus of much single-leaf, gas-exchange research.
It is difficult to avoid condensation in canopy gas-exchange systems because a cold surface area is required to remove the large energy input from the lighting system and because canopies lose more water per unit C gained than single leaves. In spite of the difficulties, investigators have assiduously tried to prevent condensation because they thought CO 2 solubility in liquid water would significantly change photosynthesis measurements (see Field et al., 1989, p. 228; Long and Hallgren, 1985, p. 83) . However, we now realize that condensation in the chamber or the associated tubing does not significantly affect the accuracy of CO 2 flux measurements.
How important is the simultaneous measurement of CO 2 and water vapor in canopy studies? Because it is more difficult and more expensive to measure canopy gas exchange than to make the same measurements on single leaves, canopy studies usually include fewer measurements. Models are thus needed to scale-up from relatively well-characterized, single-leaf responses to more complex canopy responses. Characterizing the movement of both CO 2 and water vapor in canopies will help to verify these models and increase our understanding of canopy-level processes.
Scaling-up the results of single-leaf studies is not straightforward. For example, a calculated value for C i in canopies represents an average of all leaves, which are at different light levels and different vapor pressure gradients. Nonetheless, the canopy response is often similar to that of a big, thick leaf, and C i values can be useful in evaluating canopy physiology. We now know that single-leaf measurements also can average dissimilar areas of the leaf. Stomates sometimes do not open uniformly across small areas of leaves (patchy stomatal closure) (Daley et al., 1989; Terashima et al., 1988) , and there can be significant differences in temperature and water status of different parts of a leaf (Hashimoto et al., 1984) , so averaging diverse responses is not unique to canopies.
Many canopy-level objectives do not require the measurement of H 2 O fluxes. Plant growth rates can be accurately predicted from C fluxes (Dutton et al., 1988) , and H 2 0 fluxes are not needed to determine C-use efficiency. Respiratory efficiency may be more limiting to yield than photosynthetic or water-use efficiency (Amthor, 1989 ).
Open systems
Open systems are widely used for single-leaf gas exchange. They operate in steady-state conditions and solve the problems associated with leaks by pumping enough air through the system to slightly pressurize the chamber, ensuring that all leaks are in one direction (outward). These are significant advantages of open systems, but removing water vapor from a canopy system is far more difficult than from a single-leaf system. Single-leaf systems require an air flow of only a few liters of air per minute to remove water vapor; canopy systems can require 3 orders of magnitude more air to remove water vapor (> 1000 liters of air/minute per square meter of canopy ground area!). This volume of air can be easily produced with a rotary vane blower, but the levels of CO 2 and H 2 O in the atmosphere are highly variable (Fig. 1) , and this causes apparent fluctuations in gas-exchange rates. Kimball (1990) summarized research concerning short-term atmospheric CO 2 fluctuations to demonstrate problems caused by chamber leaks. In an open system, gradual atmospheric CO 2 changes are less serious than short-term spikes (1 to 10 min) because photosynthesis is calculated from the difference between pre-and postchamber CO 2 concentration, and the difference stays constant if the CO 2 in the atmosphere changes slowly. It is difficult to buffer the CO 2 concentration in large flows of air and the difficulty increases with increasing air flow. A compromise would be to operate an open system with just enough air flow to pressurize the chamber. This could be called a semi-open system.
Semi-open, pressurized system
Reduced air flows are desirable because they substantially reduce the cost of the gas-buffering system. A small air flow will pressurize a well-sealed chamber but will not remove transpired water vapor, which condenses on cold surfaces. It is thus impossible to measure transpiration via water vapor efflux, but this does not affect CO 2 flux measurements. Errors caused by leaks are eliminated by providing sufficient air flow to maintain a positive pressure. The growth chamber described herein can be pressurized with an air flow of 60 liters·min -l , but much higher flow rates (1200 liters·min -1 ) are required to eliminate condensation (i.e., open system mode). Low flow rates can result in a large prechamber/postchamber CO 2 gradient (<500 µmol·mol -1 ), but this CO 2 difference can be accurately measured with a properly calibrated infrared gas analyzer (IRGA) in the differential mode. Large differences in CO 2 concentration can also be measured with a single IRGA in the absolute mode when a three-way switching solenoid is provided; however, we have found that measurements made in differential mode are more reliable. The CO 2 concentration in the chamber can be maintained by controlled addition of CO 2 to the incoming air stream. Average transpiration rates can still be measured by summing condensate volume and water vapor efflux. We have found this to be the approach of choice when transpiration measurements are less important than C fluxes.
Choosing among systems
Closed, semiclosed, and open systems all are accurate when used correctly. Selection of the best system depends on the research objectives. Closed or semiclosed systems facilitate the measurement of volatiles (Wheeler, 1992) , require less instrumentation, and are more portable than open systems (Reicosky, 1990) . Is it important to make continuous, steady-state measurements? What type of chambers are available and how well can they be sealed? (Most investigators develop a system to best accommodate the chamber).
What size, type, and amount of plant material must be measured? What will the budget allow? Should the system accommodate future research projects? Can one of the commercially available photosynthesis systems (ADC or LI-COR) be modified for use with an available chamber (see Garcia et al., 1990) ? Some of these questions are discussed in other papers (Field and Mooney, 1990a, 199Ob; Field et al., 1989; Garcia et al., 1990; Parkinson and Day, 1990) .
THE UTAH STATE UNIV. SYSTEM
The system that my students and I have developed is an open system that evolved in response to research needs and continues to evolve as we find new ways to improve measurements. We are continuously modifying the system, which includes the three subsystems shown in Fig. 2 . The system does not condense water, so transpiration and photosynthesis can be measured simultaneously, and stomatal limitations can be evaluated.
The gas-mixing system
Calculating required flow rates. We found that it is necessary to predetermine the maximum flow rate to purchase appropriately sized blowers, mass-flow meters, and other gas-mixing equipment. The flow rate required to prevent condensation is determined by the water vapor flux from transpiration. Maximum water vapor efflux usually occurs when all incoming shortwave radiation is converted from sensible to latent heat through transpiration. (When leaf temperature is lower than air temperature, however, the latent heat efflux exceeds the sensible heat influx). The energy input from lamp radiation can be measured or accurately estimated for most growth chambers from measurements of photosynthetic photon flux (PPF) and the radiation data presented in Bubenheim et al. (1988) . The latent heat of evaporation of water is 2.45 kJ·g -1 if the leaf and water are at 25C. A shortwave radiation input of 500 W·m -2 (0.5 kJ·m -2 ·s -1 ) could result in a water vapor efflux of 200 mg·m -2 ·s -1 if all energy was used to evaporate water. The water-holding capacity of air depends on temperature (and humidity) and can be calculated from a psychrometric chart or water vapor tables. Air at 25C holds ≈7 g·m -3 (7 mg·liter -1 ) of water between 40% and 70% relative humidity, so a flow rate of 28.6 liters·s -1 ·m -2 surface area (200 mg·m -2 ·s -l /7 g·m -3 ; ≈60 ft 3 per min per m 2 of surface area) of 25C air would be required to keep the chamber humidity at 70%. Similar calculations are given in Garcia et al. (1990) .
The continuous input of water vapor from transpiration means that the leaf/air vapor pressure gradient can be controlled by controlling the flow rate into the chamber (i.e., humidity is controlled by dehumidification only, and supplemental humidification systems are not needed).
Air can be moved with fans, blowers, or compressors. We use a rotary vane blower to provide a relatively large volume of air at relatively low pressure (70 kPa). Air compressors produce high pressures but an inadequate volume of air. Fans move high air volumes but can develop a pressure of only ≈1 kPa, which precludes the use of most filters or long pipes. We use 25-µm filters before and after the compressor to remove dust.
Buffering the input air. Because the atmospheric concentration of CO 2 and water vapor varies (except on windy days; Fig. 1 ), short-term spikes of these gasses must be buffered to minimize "noise" in the system. We located the system intake as far from the building and as high up as possible, but the air composition was still erratic, so we bubble the air through a pH-buffered solution (1 mM Na 2 HPO 4 ; higher salt concentrations reduce CO 2 solubility) to stabilize the CO 2 concentration (Fig. 2) . We initially tried to buffer CO 2 with molecular sieves, but they did not desorb fast enough to be useful. We cool the pH-buffered solution to 1C to minimize humidification of the incoming air (the cooler solution is also a better CO 2 buffer because CO 2 solubility is increased). The greater the moisture content of the incoming air, the higher the flow rate required to prevent condensation. Even with the CO 2 buffering solution cooled there is still variation in moisture content. A desiccant (calcium aluminosilicate clay) is used to stabilize water vapor concentration. This desiccant is not removed or dried, but is retained in place to maintain a stable, average, water vapor concentration. The desiccant almost completely removes incoming water vapor fluctuations.
Pure CO 2 from a compressed-gas cylinder is added with a massflow controller after the desiccant cylinder. The CO 2 is humidified and filtered through potassium permanganate (Air Repair) to remove contaminants (Morison and Gifford, 1984) . (Humidifying the compressed CO 2 increases the ability of the potassium permanganate to remove contaminants). The mass-flow controller can be used to maintain a constant prechamber CO 2 concentration if the set point is higher than peak spikes of CO 2 from the atmosphere (usually ≈400 µmol·mol -1 ), and if a separate IRGA can be dedicated to monitor and control the input air stream. An empty mixing tank ensures that the injected CO 2 is well mixed with the air. A small sample of the input air (0.5 liter·min -1 ) goes to the gas analysis system and the remainder is measured with a mass-flow meter immediately before entering the chamber (Fig. 2) .
The plant growth system
Sealing and pressurizing the chamber. Although "open" systems do not need to be as tightly sealed as closed and semiclosed systems, they must be tight enough to be slightly pressurized so that all leaks are from inside to outside. The internal pressure need only be 10 Pa (1 mm water column), just enough to be measurable, but pressure must be positive in all parts of the chamber. In most growth chambers, fans pull internal air through a heat exchanger so that pressure in the fan plenum will be much lower than that in the rest of the chamber. This pressure difference often is 200 to 400 kPa. We use a manometer filled with red, low-specific-weight oil (red gauge oil) to monitor pressure in the fan plenum. Although the area around the fans is particularly well sealed, we detect CO 2 exchange if the pressure is slightly negative (-10 Pa; -1 mm water column); the CO 2 exchange is eliminated if the pressure is slightly positive ( +10 Pa; + 1 mm water column), which illustrates the importance of positive pressure.
The leak rate increases in direct proportion to the pressure gradient (Ohms Law; flux = driving gradient/resistance, or leak rate = pressure gradient/chamber resistance to leaks). Small internal pressure gradients make it possible to maintain the chamber at a uniformly low positive pressure. Minimizing the resistance to air flow in the duct system and heat exchanger will minimize internal pressure gradients and leaks, which, in turn, will reduce input air requirements to maintain a positive pressure.
Our chamber can be pressurized with an input air flow rate of 1 liter·s -1 (3600 liters·h -1 ). This air flow keeps the fan chamber at 10-Pa pressure (pressure in the plant growth section is ≈200 Pa because of resistance in the heat exchanger). We sealed and tested for leaks several times before we were satisfied with chamber tightness. The biggest leak, which occurred around the seal of the door, was minimized with closed-cell foam and a screw clamp to close the door. It was necessary to seal pop-rivets and all seams with silicone sealant. We typically add between 3 and 20 liters of air per second to the chamber, which means that the chamber is more tightly sealed than is required for most studies. A well-sealed chamber, however, allows more accurate measurement of small gas fluxes, such as C efflux resulting from seed germination. At high-input flow rates, vents must be opened to avoid excessive pressure buildup.
Rapid internal air mixing. The composition of the air in open chambers must be relatively uniform so that air sampled at one point is representative of the entire chamber (and representative of what is leaking out). This is best accomplished by rapid circulation of internal air, which also improves environmental uniformity and minimizes boundary layers above and within the canopy. Fans were installed to circulate 400 liters of air per second through the chamber, which is 2 to 3 times more air flow than most commercial growth chambers. The incoming air (3 to 20 liters·s -1 ) enters through a manifold and almost immediately mixes with the 400 liters·s -1 of internal circulation.
Wind speed at the top of the chamber (below the glass top) is 2 to 3 m·s -1 but declines to a more acceptable 0.8 m·s -1 at the top of the plant canopy. The wind speed should be as high as possible without mechanically stressing the plants. We assume that some leaf flutter is desirable, but that excessive stem and leaf bending is undesirable. The effects of air velocity probably are mediated through both hormonal changes (Latimer and Mitchell, 1988) and plant water potential. Wadsworth (1959 Wadsworth ( , 1960 found that plant growth was not altered over a range of air velocities from 0.3 to 4.0 m·s -1 when plants were grown in solution culture. Plants grown in sand culture, however, grew more slowly as air velocity increased. Wadsworth (1960) speculated that differences in plant water potential were responsible for differences in growth because water availability was less in sand culture than in solution culture, and increased air velocity increased water loss by transpiration.
Temperature control: water cooling. Water is the medium of choice for temperature control in almost all growth chambers for two reasons: 1) its high specific heat capacity results in more uniform temperature control over time, and 2) unlike freon, it does not change state (from liquid to gas) as it absorbs energy. Freon causes cold spots and, thus, condensation when it changes state in the heat exchanger; water-cooled heat exchangers are more uniformly cool. Water temperature is controlled in our system by regulating the flow of freon (from a primary refrigeration system) to a chilled water bath. The chilled water then is circulated through a heat exchanger in the chamber and a water heat filter located below the lamps. The circulating water filter removes ≈60% of the lamp radiation (Bubenheim et al., 1988) , and the remainder is removed by the chamber heat exchanger. A large heat exchanger was installed in the chamber so that the water is only ≈ 3C lower than the air. Thus, condensation occurs only when relative humidity exceeds 80%.
Measuring root-zone respiration. If desired, the gas-exchange system can be adapted to separately measure root-zone CO 2 efflux. The CO 2 concentration in the air above the sealed hydroponic system is measured using the same principles employed to measure CO 2 fluxes in the foliar environment. The root zone is pressurized, but the pressure is less than overall chamber pressure, which helps to minimize root-zone CO 2 efflux into the chamber. Wheat seeds are direct-seeded into a sheet of expanded rockwool medium (Grodan), which is then sealed to the containers with closed-cell foam. Rapid nutrient solution flow rates (0.4 liter·m-2 of surface area per second) mean that the air above the solution comes to CO 2 equilibrium with the solution in a few minutes. Root-zone acidity is maintained at pH = 4.8 to minimize dissolved C in solution (as carbonic acid, bicarbonate, and carbonate), which reduces the magnitude of temperature and pH effects on C solubility. We tested the accuracy and response time of the system to CO 2 fluxes by adding measured amounts of sodium bicarbonate to the solution in the chamber under conditions of controlled pH and temperature. At least 95% of the C originally in bicarbonate was recovered as CO 2 in the root-zone gas analyzer (2% to 3% of the CO 2 leaked into the foliar environment and was measured by another analyzer). The response time and CO 2 recovery were not significantly improved by maintaining the solution at pH 4. Results of these tests also helped quantify CO 2 leakage from the root zone into the foliar environment. Details of the design and operation of the recirculating hydroponic system have been published (Bugbee and Salisbury, 1988, 1989) . Figure  3 illustrates the diurnal cycle of root respiration and photosynthetic rate of the foliar environment.
The gas analysis system
A three-way solenoid valve is used to intermittently cycle preand post-chamber air to a single dewpoint hygrometer (Fig. 2) . A single IRGA in absolute mode could be used with this same solenoid, but an IRGA in the differential mode can more accurately measure small CO 2 differences in the pre/postchamber air.
The plant growth chamber (1700-liter volume) helps to stabilize the CO 2 concentration of the postchamber air, but this reduces "noise" only if the prechamber air is equivalently buffered. The prechamber air can be buffered with a small Erlenmeyer flask because only the small gas flow rate into the IRGA (≈0.5 liters·min -1 ) must be buffered. The size of the flask and the flow rate into the IRGA must be selected to match the buffering capacity provided by the chamber. For example, if the chamber input flow rate were 800 liters·min -1 , the chamber would provide a buffering ratio of 2.125 (1700/800). A 1-liter flask has the same buffering capacity if the flow rate into the IRGA is 0.471 liter·min -1 (1/2.125 = 0.471). The flask is represented by the box labeled "buffering jar" in Fig. 2 .
The data acquisition system
Data acquisition is really a fourth subsystem (not shown in Fig.  2) , which quickly becomes essential as the system gets more complex. Data acquisition systems save labor, money, and improve measurement capability; because they can process signals from several types of sensors, it is not necessary to purchase separate meters for each sensor. For example, the sensor for our dewpoint hygrometer (General Eastern, model DEW-10) cost about $800; a standalone dewpoint hygrometer can cost well over $2000. Data acquisition systems digitize and linearize signals more accurately than the analog linearization provided with most sensors. Redundant analog linearization devices on each sensor are not needed. Real-time computer graphics are immensely useful because they immediately indicate erratic values, which, in turn, indicate the need for calibration, or incipient equipment failure. Data acquisition systems also automate data collection, a prerequisite to long-term studies.
Choosing among data acquisition systems is a complicated task, particularly for biologists. Pearcy (1989) discusses data acquisition systems and includes a table comparing data logger and data acquisition system characteristics. We use a data logger from Campbell Scientific (model CR-10) because it can be expanded to include enough input channels for gas-exchange systems (expandable in 32-channel increments) and it is much less expensive than larger data acquisition systems. The measurement resolution of Campbell Scientific data loggers is also better than most of the larger data acquisition systems [see Table 2 .1 in Pearcy (1989) ]. Because new data logger models are continually being introduced, it is useful to get updated information from the manufacturers before making a decision about suitability.
Electronic signals and calibration. Despite their assets, data loggers have some disadvantages. Measurements become more abstract, which tends to "distance" the investigator from the organism of interest. A researcher must develop the ability to distinguish between instrument-induced responses (i.e., artifacts) and biological responses. This ability requires a knowledge of both the instruments and the organism. Unusual results almost always are the result of bad calibration, electronic interference, or a failure of the environmental control systems (but sometimes the unusual results are fascinating physiological responses!). Gas exchange has great potential, but as with any evolving technology, there also are many pitfalls. Changes in the laboratory temperature can alter instrument calibration. Bloom (1989) offers a good discussion of instrumentation errors in gas-exchange systems. Leuning and Sands (1989) discuss calibration of a closed system (LI-COR model 6200). Other authors have emphasized the need to simultaneously test all components of gas-exchange systems [i.e., measuring fluxes of zero in an empty chamber (Field et al., 1989; Tranquillini and Caldwell, 1972) ].
Some representative results
After canopy closure, photosynthesis usually is a linear function of PPF if CO 2 is elevated (Fig. 4) . Stomates, however, do not appear to completely close in darkness (in hydroponic culture) and are almost as open at half full sunlight as at full sunlight (full sunlight = 2000 µmol·m -2 ·s-l ; Fig. 4 ). As expected, the average stomata1 conductance decreases as the concentration of CO 2 increases, but there is little additional effect of CO 2 on stomates after ≈1000 µmol·mol -1 (Fig. 5) . We have found, however, that short-term canopy photosynthesis is not saturated at a CO 2 level of 1000 µmol·mol -1 . The rate of canopy photosynthesis as a function of the average intercellular CO 2 of all the leaves (a canopy A/C i curve) is compared with that for ambient CO 2 in Fig. 6 . These measurements were made 25 days after seedling emergence, when the canopy was growing rapidly. The initial slope of the curve is steep, suggesting high Rubisco activity in the leaves (Farquhar and Sharkey, 1982) . We are currently interested in making this measurement at different stages of the life cycle to determine ontogenic changes in the canopy biochemical capacity to conduct photosynthesis.
Short-term environmental effects on photosynthesis often differ from long-term effects. For example, the increased growth rate associated with high temperature, high PPF, and high CO 2 levels is higher over a few days than over a few weeks (Bugbee, 1992) .
Many models of crop growth are based on the hypothesis that canopies respond in the same way as large, thick leaves, i.e., canopies respond on a ground area basis just as leaves respond on a leaf surface area basis. Our data do not support this hypothesis for photosynthetic response to temperature and radiation intensity, but photosynthetic response curves for CO 2 are similar to response curves for single leaves (Meek, 1990) .
In a preliminary study, we predicted final plant dry biomass to within 97% by integrating measurements of C fluxes. This finding validates that our measurements of net CO 2 have a high degree of accuracy (Dutton et al., 1988) .
SOURCES OF WATER VAPOR INTERFERENCE WITH
PHOTOSYNTHESIS MEASUREMENTS Transpiration produces large fluxes of water vapor. This water vapor must be removed from the chamber with a large air flow to prevent condensation in the coldest parts of the chamber, as previously discussed. Gases quickly go into solution in this condensed water because of rapid air movement over the cooling coil and are then drained out of the chamber with the water. Investigator concern about CO 2 losses in condensed water (see Tranquillini and Caldwell, 1972) was emphasized in a widely cited study by Bloom et al. (1980) . The calculations used by Bloom et al. to estimate these losses were based on an atmospheric CO 2 concentration of 100%. Actual CO 2 concentrations in controlled plant environments rarely exceed 0.2% (2000 µmol·mol -1 ) so CO 2 flux into water is several fold less than originally calculated.
In fact, the effect of CO 2 solubility on photosynthesis is insignificant. Pure CO 2 gas is highly soluble in pure water [36.5 mmol·liter -1 at 20C and 1 atm pressure (Forsythe, 1969; Umbreit et al., 1964) ], but at ambient CO 2 levels (0.035%), its solubility is only 12.8 picomol per liter (36.5 mmol·liter -1 × 0.00035). This means that 0.23 pmol of CO 2 goes into solution for each mole of water transpired (12.8 pmol/55.6 moles of H 2 O per liter) if no water leaves the chamber as water vapor (worst case, all water vapor condensed in chamber). The effect of this loss of CO 2 on photosynthesis depends on the transpiration : photosynthesis ratio. Assuming a worst case of 10,000 mol H 2 O transpired per mol CO 2 fixed, 2.3 µmol CO 2 would be lost in solution per mol CO 2 fixed in photosynthesis, which is 0.00023% of the photosynthetic rate (0.23 × 10,000 = 2.3 µmol). However, CO 2 solubility almost doubles when the water temperature decreases to 0C, and the CO 2 concentration in growth chambers is often elevated above ambient levels. Both factors can increase the CO 2 solubility error, but it would be extremely unusual to have conditions that would increase the error to more than 0.02% of the photosynthetic rate.
We empirically verified these calculations in a single-leaf system and in our canopy gas-exchange system by creating large amounts of condensation in an empty chamber and measuring the apparent photosynthetic rate. As expected, not enough CO 2 was lost to measure an apparent photosynthetic rate. Therefore, it is necessary to avoid condensation in gas-exchange chambers and associated tubing only when measuring transpiration. In spite of this finding, investigators have continued to assume that water interferes with measurement of CO 2 fluxes.
The concern over adverse effects of condensation in chambers probably reflects confusion over how water vapor interferes with the measurement of CO 2 by infrared gas analyzers. 'Two mechanisms of interference are well known, and the importance of a third interfering mechanism recently has been elucidated.
The most widely recognized interference is from overlapping infrared absorption bands between 2.5 and 3 µm (Field et al., 1989; p. 215-217) . Gas analyzers manufactured during the past 20 years use optical filters to almost completely eliminate overlapping absorption bands between CO 2 and water vapor (Parkinson, 1971) . This interference cannot be eliminated completely because water vapor has some absorbance at all infrared wavelengths.
The second source of interference results from dilution of the mole fraction of CO 2 by water vapor. Penning de Vries et al. (1984) point out that this source of error was not widely appreciated before the 1980s. Bunce and Ward (1985) examined water vapor interference and concluded that none of the three analyzers that they tested eliminated overlapping absorption bands with water vapor (contrary to manufacturers' claims). It now appears, however, that some of the H 2 O interference reported by Bunce and Ward was caused by a third source of interference, foreign gas band broadening.
Intermolecular collisions in the gas phase alter infrared absorption band widths and intensities, causing infrared gas analyzer calibrations to be pressure-dependent. This phenomenon, variously called band broadening, pressure broadening, or foreign gas broadening, is well described for many gasses, but the principles have only recently been applied to predict the effect of water vapor on CO 2 infrared absorbance (LI-COR, 1990) . Partial pressures of different gas species influence CO 2 infrared absorption to varying degrees; for example, the partial pressure of water vapor has a much greater effect on CO 2 infrared absorption than do equal changes in the partial pressures of O 2 or N 2 (ibid). Investigators have typically attributed the interaction of CO 2 and water vapor to incomplete optical filtering (i.e., overlapping absorption bands), but almost all of the effect 'probably was the result of band broadening.
Calibration and subsequent correction for water vapor interference requires simultaneous measurement of water vapor concentration so many investigators dry the air to a constant water vapor concentration before analysis, but drying adds to system complexity. The air can be dried either by cooling to condense the water vapor or by using a desiccant. Most desiccants absorb both CO 2 and H 2 O. The desiccant of choice is magnesium perchlorate, but even it must be used with caution (Samish, 1978) . Desiccants must be replaced at regular intervals, which is inconvenient and expensive in long-term studies (magnesium perchlorate cannot be regenerated). We previously corrected for water vapor interference, but recently installed a chilled water system to condense water vapor to a constant 1C before CO 2 analysis.
